Biphasic alkylation of 2-methylfuran (2-MF) with formalin was carried out with a series of SBA-15 supported acidic ionic liquid catalysts (acidic SILCs) under mild reaction conditions. Acidic SILC with sulfonic acid groups (SO 3 H) and long alkyl chains was observed to have higher catalytic activity than commercial sulfonic acid resin catalysts for the alkylation reaction in terms of TONs/TOFs as well as selectivity (90%) towards the C 11 oxygenate bis(5-methylfuran-2-yl)methane (BMFM). The reaction product was easily separated by addition of the non-polar solvent n-heptane and additional water to form a biphasic system. The reactivity of other biomass-based substrates such as 3,4-dimethoxybenzaldehyde, furfural, glycolaldehyde and glyceraldehyde were also investigated over acidic SILCs, and excellent yields of about 80% or higher were obtained of the corresponding condensed products (except from glyceraldehyde).
Introduction
Conversion of terrestrial biomass-derived substrates into fuels and useful chemicals has progressively been studied in the last decade in order to find potential alternatives and substitutes for current fossil-based fuels and chemicals. [1] [2] [3] The direct conversion of cellulose/sugars into fuels or targeted chemicals such as, for example gamma-valerolactone, in high yield is however generally challenging due to the presence of reactive multi-functional groups, non-selective reaction pathways, different optimal reaction conditions for each step etc. 4, 5 In this connection, the transformation of sugar-derived intermediates, such as furfural and methyl furan, into selective products with increased number of carbon atoms (hydrocarbon fuel precursors) are thus very important. 6 Fatty acid methyl esters (FAMEs)biodieselhave been promoted widely as a substitute for fossil-based fuels. However, since biodiesel production most often rely on vegetable oils which are also food resources, biodiesel is gradually getting demoted as fuel. 6 In this context, the conversion of sugar-derived intermediates to oxygenated products -which can further be converted into liquid alkane fuels by deoxygenation -have received increased attention. [7] [8] [9] Liquid C 7 -C 15 alkanes can be produced by dehydration of biomass-derived carbohydrates followed by aldol condensation/dehydration/hydrogenation over multi-catalytic systems in aqueous phase. 5 Acetone-butanol-ethanol (ABE) fermentation is a well-known and important route to produce n-butanol as a major product from glucose. 10 n-Butanol can then be dehydrated to produce 1-butene, 11 and a fully saturated fuel mixture can be obtained through successive oligomerization and hydrogenation over solid acid catalysts and PtO 2 , respectively, in the absence of solvents. 12, 13 Another interesting route to make long chain alkane fuels are via aldol condensation of furfural and acetone catalyzed by mineral base, 8 organic base 14 or solid base catalysts. 15, 16 Here C 8 and C 13 oxygenates were obtained in high yields, and metal loaded catalysts could efficiently promote the subsequent hydrogenation and hydrodeoxygenation (HDO) to afford C 8 -C 13 alkanes. [17] [18] [19] A different reaction approach reported to increase the number of carbon atoms in fuel products involve 3 benzoin coupling or self-coupling of furanic aldehydes using N-heterocyclic carbene catalysts or reductants. [20] [21] [22] In these processes, moderate to high yields of straight or branched C 8 -C 14 alkanes were obtained after HDO reaction.
Hydrogenolysis of furfurala dehydration product of xylose -can lead to formation of 2-methylfuran (2-MF) through furfuryl alcohol as an intermediate in gas/liquid phase reactions or by reactive distillation. [23] [24] [25] Many studies have reported production of long chain alkanes from 2-MF via oxygenated intermediates. 26, 27 For instance, catalytic trimerisation of 2-MF was carried out in the presence of H 2 SO 4 via formation of the ring-opened intermediate 4-oxopentanal followed by subsequent alkylation with two other molecules of 2-MF to yield a C 15 oxygenate 5,5-bis(5-methylfuran-2-yl)pentan-2-one, which finally underwent HDO to form a saturated hydrocarbon diesel fraction. 26 In an alternative approach, various diesel or jet fuel range branched alkanes were obtained by the integration of alkylation of 2-MF with different biomass-derived aldehydes or ketones (e.g., butanal, furfural, 5-methylfurfural, acetone, hydroxyacetone, cyclopentanone, and mesityl oxide) over acid catalysts and subsequent HDO catalyzed by supported metals. [28] [29] [30] [31] However, the major byproduct water generated in the alkylation reaction may adversely influence the interaction between the catalyst and the hydrophobic reactants. Based on this view point, a catalyst having an appropriate acidity along with hydrophobicity might facilitate the condensation reaction towards the targeted product.
In this work, alkylation of 2-MF with formalin -a commercially available 37% aqueous solution of formaldehyde (FA)have been applied to generate the C 11 oxygenate bis(5-methylfuran-2-yl)methane (BMFM) with a series of sulfonic acid functionalized ionic liquids (AILs) and SBA-15 supported acidic ionic liquid catalysts Bis(5-methylfuran-2-yl)methane (BMFM) was isolated from the reaction mixture of reaction between 2-methylfuran and formalin over acidic SILC 4 (see below) by 5 column chromatography (A60 silica gel, petroleum ether:ethyl acetate = 5:1), and the identity of the compound confirmed by NMR (Bruker AM360 NMR spectrometer) with CD 3 OD as solvent and the impurities were found to be insignificant. 1 H and 13 C NMR spectra are shown in ESI Figure S1 . 
Preparation of catalysts

Catalyst characterization
Powder X-ray diffraction (XRD) patterns of the catalysts were obtained on a Bruker D8 Advance diffractometer (Germany) using CuKα radiation ( = 0.154 nm).
The diffractograms were recorded in the 2 range of 0. benzalacetophenone: pK a = -5.6, anthraquinone: pK a = -8.2, 2,4,6-trinitroaniline: pK a = -10.10, p-nitrotoluene: pK a = -11.35, p-nitrochlorobenzene: pK a = -12.70) by 6 following previous reports. 37, 38 The acidic SILCs (50 mg) were dried in vacuum at 80 ºC for 6 h prior to the indicator test, before being transferred to a test tube containing 1 mL of toluene and 0.1% solution of indicator (3-5 drops). The H 0 values of the acidic SILCs were obtained on the basis of two adjacent pKa values of indicators (colourless < H 0 < appearance of colour).
Alkylation reaction of 2-MF with formalin
Alkylation reactions were carried out in Ace pressure tubes equipped with a magnetic stirring bar and placed in an oil bath. Typically, a reaction solution containing 0.82 g 2-MF (10 mmol), 0.405 g formalin (5 mmol formaldehyde) or other aldehyde and 5 mol% or 50 mg catalyst was stirred at a set temperature for a specific reaction time. Upon completion, the reaction mixture was diluted with water (5 mL) and extracted with n-heptane (3 × 5 mL). Identification of the products were 
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Results and Discussion
Application of AILs and acidic SILCs for the conversion of biomass-derived sugars to high value chemicals, e.g. alkyl levulinate, are previously well documented 7 by our group. 39, 40 Prompted by these biomass-related studies, a series of acidic and non-acidic ionic liquids, and acidic SILCs (Figure 1) were employed for the alkylation reaction of 2-MF and formalin. The XRD patterns of the prepared acidic SILC materials are shown in Figure S3 . The nitrogen sorption isotherms and textual properties of the solid materials are further given in Figure S3 and Table 1 , respectively. The sorption isotherms of the acidic SILCs indicated type IV isotherms with H1 hysteresis loops. The steep increase observed at relative pressure P/P 0 around 6.0-8.0 is analogous to what previously has 8 been reported for functionalized materials. 36 The surface areas of the acidic SILCs were drastically decreased from 727 m 2 /g in pristine SBA-15 to 153, 57 and 51 m 2 /g for acidic SILC 4, 5a and 5b, respectively, due to anchoring of the functionalized ionic liquids on the pore walls.
The alkylation reactions of 2-MF and formalin were carried out at 40  C for 2 h and the results are presented in Figure 2 . Experiments were initially conducted with Figure 2a ). Interestingly, a significantly higher selectivity to BMFM (90%) was found with acidic SILC 4 than with the SO 3 H-resins (60-70%). The relatively good performance of acidic SILC 4 was probably not only due to the presence of strong SO 3 H groups but also related to the narrow pore size distribution (52 Å, Table S1 ) of 9 SBA-15, which can accommodate bulky molecules and alleviate diffusion limitations.
Moreover, the higher selectivity towards BMFM with acidic SILC 4 compared with neat SO 3 H-resins might be due to the presence of mesoporous channels along with relatively high surface area of the support, as confirmed by the XRD and N 2 sorption studies ( Figure S3 and S4 and Table S1 ).
To compare the activity of the acidic SILC 4 towards BMFM formation against the other applied catalysts, turn over numbers (TONs) and turn over frequencies (TOFs) were calculated based on the acid sites present in the catalysts. The acid density of acidic SILC 4 was measured to 1.10 mmol/g by titrating against diluted NaOH with phenolphthalein as indicator as done in other studies. 41, 42 As illustrated in The influence of reaction temperature and time on the conversion of 2-MF and BMFM yield was also studied with Amberlyst-15 and acidic SILC 4, and the results are compiled in Figure 3 . As mentioned above, the catalytic activity of Amberlyst-15 was at 40 ºC higher than that of acidic SILC 4, but the selectivity was lower. At 60 ºC both 2-MF conversions and BMFM yields were increased with the catalysts (as expected), and interestingly acidic SILC 4 gave a slightly higher BMFM yield (76%) after 4 h reaction than Amberlyst-15 (71%). When the reaction time was prolonged to 8 h, the yield of BMFM increased further to above 80% in the presence of the acidic SILC 4. In contrast, the BMFM yield stagnated at higher temperature, which was also observed to some extent in the case of acidic SILC 4 when the reaction temperature was increased to 80 ºC. Formation of possible trimerized product of 2-MF, i.e. 5,5-bis(5-methylfuran-2-yl)-pentan-2-one, might be responsible for the lower yield of BMFM observed at relatively high temperature, as previously reported. 26, 27 In all reactions BMFM was the major product along with minor amount of the intermediate, such as (5-methyl-2-furyl)methanol and 2-(methoxymethyl)-5-methylfuran, which were identified in the biphasic catalytic systems (see ESI Figure S2 ). To further investigate the influence of the anchored AIL moiety of SBA-15 on catalytic activity in the alkylation reaction, alternative SBA-15 supported AILs (acidic SILC 5a and 5b) ( Figure 1) were also synthesized [34] [35] [36] and tested. As shown in Table 1 , no significant difference between these SILCs was observed with respect to conversion of 2-MF (66-70%) and BMFM yield (60-63%) initially during reaction (2 h). However, as reaction time progressed (4-8 h) SILC 4 -with a relatively long alkyl chain -demonstrated to be more catalytically active than SILCs 5a and 5b. Results from the nitrogen sorption studies revealed the surface areas of acidic SILCs 5a and 5b to be almost three-fold lower than SILC 4 (vide supra). This suggests that the ionic liquids anchored in the mesoporous walls of the former SILCs in particular induced pore blocking, which would contribute to hampered transport of the bulky molecules and result in lower yield of BMFM at longer reaction time. In addition, SILC 5b bearing a CH 3 SO 3 anion gave slightly higher yields of BMFM (81%) than the corresponding SILC 5a with HSO 4 anion (76%). . These results substantiate that the higher catalytic activity (i.e. higher BMFM yield) found for acidic SILC 4 was related to its stronger acidity and not to the number of acid sites which was lower than for acidic SILCs 5a and 5b.
After establishing that acidic SILC 4 was the most active of the supported catalysts, the influence of catalyst loading in the alkylation reaction was studied using this catalyst. The results obtained after 6 h of reaction are compiled in Table 2 . As the amount of added acidic SILC 4 was increased from 10 to 50 mg, the yield of BMFM Based on the studies it is apparent, that application of a low amount of catalyst is preferable to obtain high catalyst TON and TOF as well as high BMFM product selectivity at longer reaction time. Reaction conditions: 0.82 g 2-MF (10 mmol), 0.405 g formalin (5 mmol formaldehyde), 60 ºC, 6 h.
14
The recyclability of the acidic SILC 4 catalyst was further studied in five consecutive alkylation reaction cycles (60 ºC, 4 h) as shown in Figure 4 . After each cycle, the product was extracted from the reaction mixture with the non-polar, organic solvent n-heptane after dilution with water. Subsequently, the catalyst was separated by filtration, washed with acetone (3 × 20 mL) and dried at 110 ºC for 6 h. The obtained catalyst was directly used for the next run. In the first four consecutive catalytic runs, the BMFM yield remained rather constant around 70-75% with 2-MF conversion of 80-85% (86-94% selectivity). A slight decrease in product yield to 63% (72% 2-MF conversion) was observed after the fifth reaction run, possibly due to impeding of the active sites by adsorbed organic moieties and water coming from formalin, which were not removed by the simple washing and drying procedure.
Importantly, the selectivity to BMFM remained, however, unchanged even after the fifth run. To examine the deactivation in more detail, quantification of the acid density of acidic SILC 4 was performed after the fifth run (after washing with acetone and drying at 80 o C overnight) by titration against NaOH with phenolphthalein as indicator. The total number of acid sites was found to descend from the originally 1.10 to 0.83 mmol/g, suggesting that strongly bound adsorbed molecules remained bound to the active sites despite the washing and drying procedure. Moreover, the acid strength had decreased from -5.6 < H 0 < -4.53 to -4.53 < H 0 < -3.32, indicating that some of the strong acid sites could be hampered by water molecules.
The alkylation reaction protocol using acidic SILC 4 was also extended to other biomass-derived aldehyde substrates like, e.g. 3,4-dimethoxybenzaldehyde, furfural, glycolaldehyde and glyceraldehyde, and the results are summarized in Table 3 . All the substrates, except glyceraldehyde, efficiently reacted with 2-MF using acidic SILC 4
yielding 78-87% of the corresponding condensed product. As mentioned before, the high yields of products could be achieved not only due to the presence of strong acid sites, but also due to presence of well-ordered mesoporous channels, a large pore size distribution (around 50 Å) and relatively high surface area of the SBA-15 material ( Figure S3 and Table S1 ), which facilitate transport of the bulky molecules in the support. The electron-withdrawing effect of a -hydroxy group next to the formyl group in substrates has been reported to facilitate high yields in the alkylation of the aldehyde with 2-MF. 29 In line with this, a high yield (87%) of glycolaldehyde and 2-MF condensed product was obtained. However, having an additional -hydroxy group in the substrate (glyceraldehyde) apparently led to the formation of the corresponding product in low yield (35%), most likely due to consecutive byproduct formation by, e.g. dehydration, condensation etc. (byproducts not identified). Table 3 . Alkylation of 2-MF with biomass-derived aldehydes using acidic SILC 4
Reaction conditions: 0.82 g 2-MF (10 mmol), 5 mmol substrate (in case of glyceraldehyde and 3,4-dimethoxybenzaldehyde, 0.3 g of methanol was added to have a clear reaction mixture before adding catalyst), 60 ºC, 4 h.
Conclusions
A biphasic reaction protocol has been established for efficient alkylation of 2-MF with formalin to form BMFM using a number of acidic ionic liquid (AIL) catalysts.
Mesoporous SBA-15 supported AIL (acidic SILC 4) was found to have the highest catalytic activity among the catalysts employed, which might be ascribed to its high acid strength, large pore size and suitable hydrophobic properties. The highest TON 
